Isotopic substitution experiments in which one or more hydrogen atoms are replaced with the heavier isotope deuterium are well established as a means of investigating reaction mechanisms. 1, 2 These so-called kinetic isotope effects (as defined by k H /k D ), have origins in the vibrational differences in protiated versus deuterated bonds. 3 Special cases have also been identified in synthetic host-guest and catalytic systems where more unusual steric and equilibrium isotope effects are exhibited. [4] [5] [6] [7] Meanwhile in the supramolecular chemistry of life, organisms can distinguish between deuterated and non-deuterated analogues of small molecules, but the mechanisms of these recognition processes are controversial. 8, 9 Furthermore, isotope effects can have a profound influence on the bulk physical properties of solvents. 10 For example, the melting and boiling points of D 2 O and H 2 O differ by a few degrees, which might account for the enrichment of D 2 O relative to H 2 O on comets compared to Earth. [11] [12] [13] Perhaps even more striking is the viscosity of D 2 O, which is 23% higher than H 2 O. This is significant on the nanoscale because the dynamic behaviour of biological molecular machines is dominated by Brownian motion and solvent viscosity. 14, 15 Experiments have shown that proteins behave differently in D 2 O compared to H 2 O, 16, 17 while the effect of D 2 O on various biological ion channels has also been examined at the ensemble level via electrophysiological methods. [18] [19] [20] However, little is known about how solvent isotope effects change in the transition between the bulk and nanoscale regimes, particularly given the propensity for unusual behaviour to emerge at greatly reduced dimensions.
21,22
Here we have examined the nanoscale modulation of solvent isotope effects on transmembrane ion currents due to the entry of single-stranded DNA into individual transmembrane a-haemolysin (a-HL) nanopores ( Fig. 1 and 2) . 23 The isotope effects observed on the nanoscale were compared with the equivalent processes occurring at macroscopic levels (Fig. 3) . The modulation of the isotope effect on the transmembrane ion current was found to be strongly dependent on the extent of the current blockage during DNA events (Fig. 4) . DNA through nanopores have been examined for potential applications in nanopore-based DNA sequencing. [38] [39] [40] The effects of D 2 O on ion transport and the translocation of single-stranded DNA molecules through individual a-HL nanopores have not been investigated despite the potential to offer unique insights into the influence of solvent structure and dynamics on non-equilibrium processes. Thus, we set out to perform such an investigation using the experimental platform shown in Fig . 41 A small amount of a-HL was then added and the current across the bilayer monitored using patch clamp apparatus to determine when a single pore had inserted in the membrane ( Fig. S1 and S2, ESI †). For experiments involving DNA, single-stranded DNA was added to the grounded side of the bilayer (5 ml of 300 mM) and a transmembrane potential of 120 mV was applied.
Voltage-driven DNA events resulted in transient blockages in the free channel current (I DNA ) whose magnitude and duration (t) were characteristic of the length of the strand and the type of event (Fig. 1b) . 30 Poly dT strands were used to prevent complications in the ion current signal arising from unwanted folding or dimerisation. Event data were pooled from at least five separate single-channel experiments for each experimental condition (i.e. using 30, 60 or 90 nucleotide DNA in either D 2 O or H 2 O buffer). These pooled datasets were compared by plotting the current blockage during DNA events (as defined in Fig. 1c ) against the lifetime of each event (t) (Fig. 2) . Three clusters of event were visible for each set of experimental conditions shown in Fig. 2 that corresponded to events in which the DNA entered the pore vestibule and either escaped after a short period of time (I* vest ), or threaded through the pore with 3 0 -or 5 0 -first orientation (I* 3 0 and I* 5 0 ). 31, 32 The clustered data were binned using Origin 9 Pro (3000-5000 events for each condition obtained over at least five different nanopore experiments) and the resulting histograms fitted to the Gaussian distributions that are shown along the edges of the scatter plots. Ionic currents were found to be substantially lower in D 2 O than in H 2 O in both free a-HL pores (I free ) and during DNA vestibule and translocation events (I DNA ). Since an electrical current is a I* is the residual current during DNA events and t is the blockage lifetime (Fig. 1) . The I* subscripts indicate either 3 0 -or 5 0 -first translocation, or vestibule events. 35 The standard deviations in the property distributions of the single-molecule measurements are provided in Table S1 in the ESI. † Fig. 3 Comparison of solvent isotope effects observed in bulk solution 11, 12 and in single-molecule nanopore experiments. All average current values (I) and the average rate of voltage-driven DNA translocation (k DNA ) through individual nanopores were determined from the data represented in Fig. 2 . The ''error bars'' indicate the standard deviation across thousands of single-molecule measurements (as seen in the scatterplots in Fig. 2) , rather than the much smaller experimental errors associated with the current recordings. Labels indicate data corresponding to either 5 0 -first and 3 0 -first DNA translocations, or vestibule events in which the DNA entered but did not translocate the pore. The data show the relative modulation of the solvent isotope effect on ion transport in the free nanopore and during vestibule events (k H /k D = 1.3 to 1.4) compared to bulk solution (k H /k D = 1.2). During DNA translocation events the solvent isotope effect is greatly enhanced in some cases (k H /k D r 1.6) but not in others. kinetic parameter, defined as the passage of charge per second, these differences in ionic current can be conveniently expressed as a k H /k D ratio, which provides a standardised means of comparing isotope effects observed on the nanoscale with related bulk solvent properties. 11 However, in the present study the current through the free nanopore in KCl solution (I free ) gave a k H /k D E 1.3 (Fig. 3, left) , corresponding to B10% enhancement of the solvent isotope effect on the passage of ions through the nanopore compared to bulk solution (values in Table S1 , ESI †). The solvent isotope effect on the current was consistent over the range of À100 to +120 mV indicating that there was little change in the selectivity of the ion translocation process for K + versus Cl À in D 2 O compared to H 2 O (Fig. S2, ESI †) . 44 Due to the greater degree of solvent confinement within a nanopore blocked by DNA we reasoned that the ion current during DNA vestibule and translocation events (I DNA ) might exhibit even greater divergence from bulk solvent isotope effects than that of the free pore (I free ). The binned data for DNA events shown in Fig. 2 were used to determine k H /k D for the average current flowing through the nanopore during vestibule and translocation events (I DNA ).
Vestibule events involve only a slight current blockage and hence exhibit similar or slightly enhanced k H /k D values to those seen for the free pore (k H /k D = 1.3 to 1.4, up to 15% enhancement of the solvent isotope effect seen in free solution). It is known that 5 0 -first and 3 0 -first DNA translocation through a-haemolysin pores occurs by distinct mechanisms as indicated by differing ion currents and blockage lifetimes. 31, 35 Ion currents during 5 0 -first DNA translocation were significantly decreased compared to the free channels and gave large k H /k D ratios of up to 1.6, corresponding to a 35% enhancement of the solvent isotope effect compared to bulk solution (Fig. 3, centre) . This large enhancement of the isotope effect during 5 0 -first translocations combined with the reduced ion current during these events is consistent with a high degree of solvent exclusion and solvent restructuring within the pore. A similarly large k H /k D ratio for I DNA of B1.5 was seen for were highly dependent on the length of the DNA and fell to a value of B1.3 for the 60mer and only B1.1 for 90mer translocation (a 10% reduction of the solvent isotope effect seen in the bulk). These reduced k H /k D values were also associated with very small I DNA values, consistent with a very high degree of solvent exclusion, which was greatest during translocation of the longest DNA molecules. Thus, we have established a qualitative link between the magnitude of the nanoscale solvent isotope effect and the extent of the current flowing through the pore during DNA events.
Plotting the average ion currents flowing through the nanopore against the solvent isotope effect gave the relationship shown in Fig. 4 . Basic physics teaches us that electrical conductance is proportional to cross-sectional area. Thus, as a first approximation, the measured currents should be indicative of the conductive cross-sectional area of the nanopore during DNA events (see Fig. S5 and associated discussion in the ESI †). Indeed, such a profile resembles previous computational models that describe the energetics of water confined within nanoscale spaces. [45] [46] [47] Thus, we propose that the modulation of the solvent isotope effect on ion transport through nanopores by DNA is related to the dimensional constraints placed upon the formation of a solvent network compared to the bulk, and the influence of so-called ''high-energy water''. 7, 45, 48 The free pore has a diameter of B1.5 nm, 23 which is large enough to accommodate up to six water molecules, but is sufficiently confined to give an enhancement of the solvent isotope effect (k H /k D E 1.3) compared to the bulk (k H /k D E 1.2). The maximum solvent isotope effect (k H /k D E 1.6) was observed when B75% of the conductive channel was blocked, but below this a critical threshold is reached where so much solvent is excluded from the pore that not enough remains for a solvent isotope effect to be exhibited. While the k H /k D ratio of I DNA discussed above is dominated by events occurring inside the pore, the k H /k D ratio derived from the rate of DNA translocation, k DNA (Fig. 3, right) is also influenced by the effects of the bulk solvent. Indeed, previous experiments have shown that the rate of DNA translocation through nanopores scales with bulk solvent viscosity upon the addition of glycerol. 39, 40 As a result, the k H /k D ratios for the rate of DNA translocation tended towards that of the bulk (k H /k D E 1.2), particularly for the longest 90mer strands. The change in the relative contribution of these two environments (inside and outside the pore) may also explain the inflection seen in the k H /k D ratios for the rates of 3 0 -first DNA translocation. Furthermore, multiple factors including steric, electrostatic and electro-osmotic effects may all influence the translocation of biopolymers through a-HL nanopores. 49 Additional experiments were performed in a 1 : (Table S1 and Fig. S2, ESI †) . The free pore current, I free was commensurate with the effects of viscosity in previous nanopore studies performed with water-glycerol mixtures (Fig. S2c, ESI †) . 39 In summary, we have investigated the modulation of solvent isotope effects within individual a-haemolysin nanopores by DNA ( Fig. 1 and 2 ). D 2 O was found to retard both ion and DNA translocation through nanopores compared to H 2 O, but the magnitude of the nanoscale isotope effects was found to differ compared to equivalent processes occurring in the bulk (k H /k D E 1.2). In some cases the isotope effect was found to be enhanced, from k H /k D E 1.3 for the free pore, to k H /k D E 1.6 during the translocation of DNA (Fig. 3) . However, a diminished nanoscale solvent isotope effect (k H /k D E 1.1) was associated with DNA translocation events that gave near-complete current blockage. This contrasting behaviour was related to the effective conductive cross-section of the pore and hence to the degree of solvent exclusion from the pore (Fig. 4) . Nanoscale solvent isotope effects might be more widely exploited in single-molecule investigations of conformationally dynamic biomolecules and synthetic molecular machines, 17, 50, 51 or as a means of modulating the signal in nanopore DNA sequencing technologies. 15, 38 
